miR-19 is a key oncogenic component of mir-17-92
MicroRNAs (miRNAs) encode small, regulatory RNAs that control gene expression predominantly through posttranscriptional repression (Ambros 2004; Zamore and Haley 2005; Bartel 2009 ). Nascent transcripts from miRNA genes (pri-miRNAs) contain one or multiple unique stem-loop structures. Mature miRNAs, ranging from 18 to 24 nucleotides (nt) in length, are initially embedded within one arm of the hairpin stems. These primiRNAs are processed sequentially by the ribonuclease III enzymes Drosha and Dicer to yield the mature miRNA duplexes (Kim et al. 2009 ). As the mature duplex is formed, the miRNA strand is then incorporated into the RNA-induced silencing complex (RISC) to mediate posttranscriptional regulation of specific mRNAs, primarily through mRNA degradation and/or translational repression (Filipowicz et al. 2008 ). The target recognition by miRNAs is achieved through imperfect complementarity. The seed region of the mature miRNA (nucleotides 2-8) is often complementary to sites within the target mRNAs, forming a ''seed match'' in an otherwise imperfect base-pairing (Bartel 2009 ). The small size of miRNAs, combined with imperfect target recognition, provide miRNAs with the enormous capacity and versatility to act as global gene regulators in diverse developmental and physiological processes. Recent bioinformatic predictions and several experimental validations also suggest that each miRNA is likely to regulate hundreds of mRNA targets and fine-tune their expression in a cell typedependent and context-dependent manner (Baek et al. 2008; Selbach et al. 2008; Chi et al. 2009 ).
The connection between miRNAs and cancer was first implicated by their frequent genomic alteration and dysregulated expression in various human tumors (Calin et al. 2004; Lu et al. 2005; He et al. 2007b) . Multiple miRNAs were subsequently identified to promote or suppress oncogenesis, presumably by modulating gene expression in the oncogenic and tumor suppressor networks (He et al. 2005 (He et al. , 2007a Johnson et al. 2005; Kumar et al. 2008; Kota et al. 2009 ). One of the first oncogenic miRNAs identified was mir-17-92 (also known as oncomir-1), a miRNA polycistron with pleiotropic functions in cell survival, proliferation, differentiation, and angiogenesis (Hayashita et al. 2005; He et al. 2005; Lu et al. 2005; O'Donnell et al. 2005; Dews et al. 2006; Ventura et al. 2008) . mir-17-92 is the primary target of the genomic amplification 13q31 that occurs in Burkitt's lymphoma, diffuse large B-cell lymphoma (DLBCL), mantle cell lymphoma, follicular lymphoma, and several other solid tumor types (Ota et al. 2004; He et al. 2005; Tagawa and Seto 2005; Tagawa et al. 2007; Inomata et al. 2009; Navarro et al. 2009 ). Additionally, mir-17-92 is highly expressed in a range of hematopoietic malignancies, particularly in B-cell lymphomas (Lu et al. 2005; Tagawa and Seto 2005; Navarro et al. 2009 ). Although transgenic mice with moderate mir-17-92 overexpression only develop lymphoproliferative phenotypes , enforced highlevel expression of mir-17-92, in conjunction with c-myc, has potent transformation potential in mouse B cells in vivo, largely due to its ability to repress apoptosis (He et al. 2005) This observation is consistent with the recurring mir-17-92 amplifications in MYC-rearranged Burkitt's lymphomas and DLBCLs in humans (Tagawa et al. 2007 ). The survival effect of mir-17-92 is also evident in the normal development of the B-cell compartment, as mir-17-92 deficiency leads to premature cell death during pro-B-to-pre-B transition (Ventura et al. 2008) .
Unlike classic protein-coding oncogenes, where one transcript generally gives rise to one protein product, the mir-17-92 miRNA cluster produces a single polycistronic primary transcript that yields six individual mature miRNAs. The distinct mature miRNA sequence of these mir-17-92 components dictates the specificity of their target regulation, and ultimately can determine the functional specificity. Here we report the functional dissection of mir-17-92 in the context of B-cell transformation in vivo, and reveal the essential role of miR-19 in mediating the oncogenic activity of mir-17-92. In the Em-myc model of Burkitt's lymphoma, miR-19 is both necessary and sufficient for mir-17-92 to promote c-myc-induced B lymphomagenesis. The oncogenic activity of miR-19 is at least in part mediated by the PI3K (phosphatidylinositol 3-kinase)-Akt-mTOR (mammalian target of rapamycin) pathway, as enforced miR-19 expression dampens the expression of the tumor suppressor Pten, thus activating the Akt-mTOR signaling to promote cell survival. Our findings demonstrate the functional diversity of mir-17-92 components, and characterize the key molecular mechanism through which the mir-17-92 polycistron promotes malignant transformation in the B-cell compartment.
Results

mir-17-92 encodes a miRNA polycistron that yields six individual components
The mir-17-92 miRNA cluster produces a single polycistronic primary transcript that yields six mature miRNAs: miR-17, miR-18a, miR-19a, miR-20a, miR-19b , and miR-92a (Fig. 1A) . This unique structural feature of mir-17-92, shared by a large number of miRNA genes in mammalian genomes, may constitute the molecular basis for its pleiotropic functions in a cell type-dependent miR-19 (red) , and miR-92a (green). Mature miRNA sequence alignments are shown for each family. Based on sequence identity, miR-17 and miR-20a are closely related homologs, sharing significant sequence identity with miR-18a, but containing a slightly different seed (74% identity among all three). miR-19a and miR-19b differ by a single nucleotide at position 11, and are likely to regulate the same mRNA targets (96% identity). miR-92a has a unique seed sequence that distinguishes it from other components. (C) The mir-19a/20/19b subcluster accelerates c-myc-induced lymphomagenesis. Irradiated mice reconstituted with the Em-myc/+ HSPCs overexpressing miR-17, miR-18a, mir-19a/20a/19b, or a MSCV control vector were monitored weekly beginning 4 wk post-transplantation. The Kaplan-Meier curves represent percentage of overall survival. (D) miR-19b accelerates c-myc-induced lymphomagenesis. The mir-19a/20/19b subcluster was further divided into miR-19b and miR-20a, each overexpressed in the Emmyc/+ HSPCs before transplantation into lethally irradiated recipient animals. Reconstituted mice were monitored weekly starting 4 wk post-transplantation. The Kaplan-Meier curve indicates miR-19b has a strong oncogenic effect. and context-dependent manner. Based on sequence homology, the six mir-17-92 components can be categorized into three miRNA families: miR-17/20a/18a, miR-19a/ 19b, and miR-92a (Fig. 1B) . miR-17 and miR-20a miRNAs are closely related homologs, differing by 2 nt outside the seed sequence (Fig. 1B) . A related miRNA miR-18a has a similar yet not identical seed region, but shares significant sequence identity with mir-17/20a overall (Fig. 1B) . The second miRNA family contains miR-19a and miR19b, which differ only by a single nucleotide at position 11, a region minimally important for target recognition ( Fig. 1B ; Lewis et al. 2003 Lewis et al. , 2005 Farh et al. 2005; Grimson et al. 2007 ). Finally, the unique seed region of miR-92a distinguishes it from all of the other mir-17-92 components (Fig. 1B) . All six mir-17-92 miRNAs can repress many target mRNAs either cooperatively or individually; both mechanisms could lead to cell type-dependent and context-dependent functional readout. miR-19 exhibits potent oncogenic activity in the Em-myc model Previously, we chose the Em-myc model of Burkitt's lymphoma to evaluate the oncogenic activity of mir-17-92 in vivo because genomic amplification and up-regulated expression of mir-17-92 were both observed in human Burkitt's lymphomas (Tagawa et al. 2007 ). Recent studies also indicated the association between recurring mir-17-92 genomic amplification and MYC rearrangement in Burkitt's lymphomas and DLBCLs, further implicating a functional cooperation between these two lesions (Tagawa et al. 2007 ). The Em-myc transgenic mice carry a c-myc oncogene driven by the immunoglobulin heavy-chain enhancer (Em), which is a powerful system in Burkitt's lymphoma. These mice exhibit c-myc overexpression specifically in the B-cell lineage, and ultimately acquire late-onset B-cell lymphomas with a latency of ;6 mo (Adams et al. 1985) . To examine the oncogenic potentials of any candidate miRNA, the Em-myc/+ hematopoietic stem and progenitor cells (HSPCs) can be infected with murine stem cell viruses (MSCVs) overexpressing the miRNA, and then transplanted into lethally irradiated recipient animals (Supplemental Fig. S1B ; Schmitt et al. 2000) . The oncogenic potential can be evaluated by the acceleration of c-myc-induced lymphomagenesis in this adoptive transfer model (Supplemental Fig. S1B ).
The first evidence that individual mir-17-92 components may contribute differently to its oncogenic potential comes from our previous observation, in which mir-17-19b, a truncated mir-17-92 cluster lacking miR-92a (Supplemental Fig. S1A ), can greatly accelerate c-mycinduced tumorigenesis in the Em-myc model (He et al. 2005) . The fact that miR-92a is dispensable for the oncogenic activity prompted us to further divide the mir-17-19b cluster to functionally dissect the oncogenic potentials of each individual miRNA component (Supplemental Fig. S1A ).
We initially divided the oncogenic mir-17-19b miRNA polycistron into three subclusters: miR-17, miR-18a, and mir-19a/20a/19b (Supplemental Fig. S1A ). Overexpression of the control vector (MSCV) or miR-17 in this adoptive transfer model had minimal oncogenic effects, causing late-onset B lymphomas with incomplete penetrance (Fig. 1C) . In contrast, animals coexpressing mir19a/20a/19b and c-myc developed highly malignant, early-onset B lymphomas, with a median survival at 84 d post-transplantation (P < 0.0001, log rank test) (Fig. 1C) . Interestingly, miR-18a overexpression caused a moderate acceleration of lymphomagenesis in the Em-myc model (Fig. 1C) . Although it is unlikely that miR-18a is the major oncogenic component of mir-17-19b, it may play accessory roles to facilitate miR-19a/20a/19b to promote malignant transformation in the Em-myc model. Retroviruses driving mir-17-19b and each of the subclusters had similar levels of overexpression, indicating that the observed difference in oncogenic effects reflected true functional differences among mir-17-92 components, rather than differences in expression level (data not shown).
The three miRNAs encoded by mir-19a/20a/19b belong to two distinct families: miR-19 (including miR-19a and miR-19b) and miR-20a. While miR-20a exhibited minimal oncogenic collaboration with c-myc, miR-19b and c-myc resulted in highly malignant B lymphomas with nearly complete penetrance (median survival 87 d; P < 0.0001, log rank test) (Fig. 1D ). Given the sequence homology between miR-19a and miR-19b and their 1-nt divergence at a region nonessential for miRNA target recognition, it is possible that miR-19a can also accelerate c-myc-induced lymphomagenesis. Similar to mir-19a/ 20a/19b, miR-19b phenocopied the oncogenic effects of mir-17-19b. Interestingly, mice overexpressing miR-19b exhibited a slightly longer life span after reconstitution (Fig. 3C , below) when compared with those overexpressing miR-17-19b, a difference likely due to functional cooperation among miR-19b, miR-19a, and possibly miR-18a.
Histopathological and immunophenotyping analyses confirmed the phenotypic similarities among the Emmyc/miR-19b (Em-myc/19b), lymphomas. These mice developed advanced lymphomas, with massive enlargement of lymph nodes, splenic hyperplasia, and leukemia. In all cases, lymphoma cells invaded the thymus and bone marrow, as well as visceral organs outside the lymphoid compartment, including the liver, lung, and, occasionally, kidney ( Fig. 2A ; He et al. 2005) . While control Em-myc lymphomas exhibited a high mitotic index accompanied by extensive cell death as shown by TUNEL staining ( Fig.  2B ; Supplemental Fig. S3 ), the Em-myc/19a/20a/19b and Em-myc/19b lymphomas, similar to Em-myc/17-19b lymphomas, had greatly reduced apoptosis without affecting cell proliferation ( Fig. 2B ; Supplemental Fig. S3 ). Although mir-17-92 has been implicated to promote cell proliferation in other cellular contexts (Ventura et al. 2008), mir-17-19b, mir-19a/20a/19b , and miR-19b overexpression did not enhance cell proliferation in the Emmyc model. The lack of proliferative effects in the B-lymphoma cells is likely due to the high level of basal proliferation resulting from c-myc overexpression. Additionally, control Em-myc mice frequently develop more mature B-cell lymphomas, but the Em-myc/19b, Em-myc/ 19a/20a/19b, and Em-myc/17-19b tumors were derived primarily from progenitor B cells ( Fig. 2C ; Supplemental Table S1 ; Supplemental Fig. S2 ), suggesting a functional preference for these miRNAs to transform B-cell progenitors under our experimental conditions. These observations were consistent with the B-cell phenotypes in the mir-17-92 knockout mice, in which the pro-B-to-pre-B transition was marked by extensive apoptosis (Ventura et al. 2008 ).
miR-19 components are required for the oncogenic activity of mir-17-92
Among all of the mir-17-92 components, miR-19 is sufficient for accelerating c-myc-induced lymphomagenesis. To determine whether miR-19 miRNAs are also necessary for the oncogenic effects of mir-17-19b, we introduced mutations into miR-19a and miR-19b within the mir-17-19b construct (designated as mir-17-19b-Mut19). In so doing, we disrupted the hairpin stem of both miR-19a and miR-19b to abolish the biogenesis of miR-19 miRNAs while preventing generation of cryptic miRNAs. These mutations specifically disabled miR-19 biogenesis, without affecting that of miR-17, miR-18a, and miR-20a within the same construct (Fig. 3A,B) . Consistent with miR-19 being the key oncogenic component, the miR-19 mutations greatly compromised the oncogenic capacity of mir-17-19b, causing delayed tumor onset, incomplete penetrance, and extended life span (median survival 141 d; P < 0.001, log rank test) (Fig. 3C) . In Em-myc/mir-17-19b-Mut19 (Em-myc/17-19b-Mut19) animals that ultimately developed late-onset lymphomas, the miR-19 mutations significantly compromised cell survival without affecting cell proliferation ( Fig.  3D,E; Supplemental Fig. S3 ). In comparison, tumors derived from oncogenic collaboration between c-myc and mir-17-19b or miR-19b alone exhibited greatly reduced apoptosis (Figs. 2B, 3D ,E). The miR-19 mutations not only disrupted cell survival, but also compromised the ability of mir-17-19b to preferentially transform progenitor B cells. This was suggested by the immunophenotyping analyses on Em-myc/17-19b-Mut19 B-cell tumors, which exhibited more cell type heterogeneity compared with Em-myc/17-19b tumors (Supplemental Table S1 ). Taken together, these findings establish miR-19 miRNAs as the key oncogenic component within mir-17-92, promoting tumorigenesis seemingly through the repression of c-myc-induced apoptosis. miR-19 specifically dampens the expression level of the tumor suppressor Pten miR-19 is the key oncogenic component of mir-17-92, and therefore miR-19-specific targets are likely to mediate the oncogenic effects of mir-17-92. Among hundreds of miR-19 targets predicted by TargetScan and RNA22 Miranda et al. 2006; Grimson et al. 2007) , the tumor suppressor Pten is a prominent candidate, due to its important functions in promoting apoptosis and tumor suppression. Pten is a negative regulator of the PI3K signaling. In response to a variety of extracellular signals, the PI3K pathway elicits diverse cellular responses to promote cell survival, rapid proliferation, and cell growth. Pten has been implicated as a target of mir-17-92 by luciferase reporter assays and Western analyses in cell culture-based experiments (Takakura Xiao et al. 2008) . However, it is not clear how individual mir-17-92 components contribute to the repression of Pten and, more importantly, whether the down-regulation of Pten by mir-17-92 leads to any functional impact on cell survival.
Overexpression of miR-19b and mir-17-19b-but not miR-17, miR-18a, miR-20a, or MSCV control-significantly down-regulated the endogenous level of Pten mRNA and protein in NIH-3T3 cells (Fig. 4C,D) . Similarly, Pten down-regulation by miR-19b and mir-17-19b was observed in mouse primary B-cell culture (Supplemental Fig. S4B ). The ability of mir-17-19b to downregulate Pten in both cell types depended on the intact miR-19 components within this cluster, since mir-17-19b/Mut19 failed to dampen Pten expression in either 3T3 cells or primary B-cell culture ( Fig. 4E,F ; Supplemental Fig. S4A,B) . These findings suggest that miR-19 is the mir-17-92 component that is both necessary and sufficient to mediate Pten repression. Interestingly, the level of Pten repression by miR-19 was also dependent on cell types and physiological contexts, possibly due to differences in basal levels of miR-19 and Pten expression ; data not shown).
The human PTEN 39 untranslated region (UTR) contains two miR-19-binding sites ( Fig. 4A ; Miranda et al. 2006) . A luciferase reporter, when fused with the wildtype human PTEN 39UTR, was significantly repressed by overexpression of miR-19b, but not by miR-17, miR-18a, miR-20a, or miR-1 control (Fig. 4B) . Mutations of one or both miR-19-binding sites in the luc-PTEN 39UTR construct either partially or completely derepressed the luciferase reporter when coexpressed with miR-19b (Fig.  4A,B) . These findings suggest that direct binding between miR-19 and PTEN 39UTR is required for PTEN repression by miR-19. miR-19 functionally antagonizes Pten to promote cell survival miR-19 is evolutionarily conserved across many vertebrate species (Griffiths-Jones 2006) . Between Xenopus and mammals, the sequences of miR-19a and miR-19b are identical, and two putative miR-19-binding sites are also present in the Xenopus pten mRNA. These observations implicate a selective pressure to preserve the pten regulation by miR-19 during ;350 million years of evolution. To determine whether Pten down-regulation by miR-19 had any functional impact, we examined their functional interaction using an in vivo apoptosis assay in Xenopus embryos.
Not only is miR-19 conserved at the sequence level in Xenopus, its anti-apoptotic function is also preserved, evident by its ability to repress hydroxyurea-induced cell death. When subjected to hydroxyurea treatment, Xenopus embryos undergo apoptosis, often characterized by a whitish color, cell blebbing, and disruption of cell adhesion after the mid-blastula transition (Walker and Harland 2009 ). Injection of miR-19b considerably rescued hydroxyurea-induced apoptosis (Fig. 5A,B) . Consistent with Pten being a key target of miR-19, injection of miR-19 and pten individually gave rise to opposite phenotypes, with miR-19 promoting cell survival (Fig. 5A,B) and pten inducing apoptosis (Fig. 5C,D) . Coinjection of miR-19b and pten, however, significantly rescued pteninduced apoptosis, but a mutated miR-19b (mut-19b) with an altered seed sequence failed to impact the pten function (Fig. 5C,D) . When we introduced mutations in the two miR-19-binding sites in the pten cDNA without affecting pten protein coding, the mutated pten mRNA (pten-mut) retained the ability to potently induce cell death. In this case, miR-19 injection failed to rescue the apoptotic effects of pten-Mut (Fig. 5E,F) . Altogether, our findings indicate that the repression of Pten by miR-19 occurs not only at the expression level, but also at the functional level, both of which are dependent on the intact miR-19-binding sites within the Pten mRNA. in cells, thus negatively regulating the PI3K pathway and its downstream effectors, Akt and mTOR (Comer and Parent 2002; Rossi and Weissman 2006) . Consistent with the ability of miR-19 to repress Pten expression and function, miR-19b overexpression in NIH-3T3 cells specifically activated the PI3K pathway, leading to increased phosphorylation of Akt without affecting the overall level of Akt (Fig. 6A) . miR-19b or mir-17-19b overexpression also caused a significant increase in phosphorylation of S6 ribosomal protein due to the activated mTOR pathway (Supplemental Fig. S4D) . Surprisingly, miR-17 and miR-20a overexpression slightly increased the phospho-S6 level compared with the vector control, but this increase might be achieved through a mechanism independent of Pten or Akt (Fig. 6A,B) . Using Western analyses and immunohistochemistry assays, a high level of phospho-S6 protein was observed in a cohort of Emmyc/19b and Em-myc/17-19b tumors, suggesting that miR-19 and mir-17-19b were able to activate the mTOR pathway in vivo (Fig. 6C,D) , at least in part through the repression on Pten. In comparison, the control Em-myc tumors generally exhibited a low level of phospho-S6 protein, although a certain degree of heterogeneity existed among different tumors. Although mir-17-19b and miR-19b were equally potent in inducing phospho-S6 in vitro (Supplemental Fig. S4D ), the effect of mir-17-19b in vivo was more potent (Fig. 6C,D) , possibly due to a degree of cooperative effects from the other miRNA components. The late-onset Em-myc/17-19b-Mut19 lymphomas had varying levels of phospho-S6, yet this cohort of lymphomas as a whole exhibited a decrease in the phospho-S6 level compared with Em-myc/17-19b tumors (Supplemental Fig. S4E ).
Although Pten deficiency in mice frequently gives rise to T-cell malignancy, Pten heterozygosity appears to partially phenocopy mir-17-19b overexpression, and cooperates with c-myc in the Em-myc model to moderately accelerate B lymphomagenesis (Wendel et al. 2006 ). However, the oncogenic effect of miR-19b or mir-17-19b is more potent than Pten heterozygosity in the Emmyc lymphoma model. Pten is a haploinsufficient tumor suppressor whose dosage proportionally impacts its tumor suppressor activity and inversely correlates with tumor progression in a cell type-dependent manner (mut-19b) failed to rescue hydroxyurea-induced apoptosis. Embryos undergoing apoptosis were marked by cell blebbing, disruption of cell adhesion, and a characteristic white color (red arrowhead). Hydroxyurea-treated embryos appeared more pigmented than control embryos, largely due to developmental arrest. (B) Apoptosis was quantified for untreated and hydroxyurea-treated embryos, as well as the hydroxyurea-treated embryos coinjected with either miR-19b mimics or mut-19b mimics (n = 3 experiments with >25 embryos in each group; [*] P < 0.05). (C,D) Injection of miR-19b rescued pteninduced apoptosis in Xenopus embryos. Injection of full-length pten mRNA into Xenopus embryos led to widespread apoptosis. Injection of miR-19b, but not mut-19b, significantly rescued the proapoptotic effect of pten. (E,F) Disruption of base-pairing between miR-19 and pten mRNA abolished their functional antagonism. Mutations in the miR-19-binding sites within the pten mRNA (ptenmut) did not abrogate the proapoptotic effects of pten, but did eliminate the ability of miR-19b to repress the apoptosis (n = 3 experiments with >25 embryos in each group; [*] P < 0.05). All error bars represent SEM. (Trotman et al. 2003) . It is likely that miR-19b or mir-17-19b overexpression, when compared with Pten heterozygosity, causes greater Pten repression (Supplemental Fig.  S4C ), and thus a stronger B-cell transformation in the Em-myc model. Interestingly, in non-Hodgkin's B-cell lymphomas (NHLs) including Burkitt's lymphoma and DLBCL, recurring deletions and rearrangements of 10q23, which harbors PTEN, are observed in 5%-10% of patients (Butler et al. 1999 ). In addition, the reduction or loss of PTEN expression is often associated with inferior survival (Abubaker et al. 2007; Robledo et al. 2009 ). These findings implicate the importance of the PTEN pathway in the progression and prognosis of specific human B-cell malignancies. Besides PTEN deletion and mutations, mir-17-92-mediated PTEN repression may be an additional mechanism to disrupt the PTEN function and to promote malignant transformation in human B cells. In line with this hypothesis, a recent study described a subset of DLBCLs in which the amplification of mir-17-92 and the deletion of PTEN are mutually exclusive (Lenz et al. 2008 ).
Discussion
The small size of miRNAs, combined with their imperfect base-pairing for target recognition, allows miRNAs to regulate many mRNA targets. The strong cooperation between miR-19 and c-myc can result from the collective impacts on many miR-19 targets, of which Pten is a key target, but it may not be the only one. Given the robust induction of phospho-S6 by miR-19, it is possible that other negative regulators of the PI3K-AKT-mTOR pathway, in addition to Pten, are coordinately regulated. It is also conceivable that additional pathways regulated by miR-19 could synergize with down-regulated Pten to promote cell survival and malignant transformation. Increasing evidence suggests that the dosage of tumor suppressor genes has a significant impact on their functional readout. A number of tumor suppressors are haploinsufficient, and hypomorphic mutations in tumor suppressors are frequent in cancer (Payne and Kemp 2005) . Given the importance of miRNAs in human cancer and their unique mechanism of action, partial repression of tumor suppressors is likely a novel mechanism through which miRNA oncogenes promote malignant transformation.
Polycistronic gene structure is frequently observed in miRNA loci (Ambros 2004; He and Hannon 2004; Zamore and Haley 2005) . Since each miRNA has the potential to regulate hundreds of target mRNAs, a miRNA polycistron containing multiple components may possess a greater capacity for gene regulation, thus yielding pleiotropic biological effects through complex mechanisms of coordination. In the context of B-cell transformation in the Em-myc model, miR-19 miRNAs are identified as the key oncogenic components of mir-17-92 to cooperate with c-myc. The other mir-17-92 components either are dispensable for oncogenesis, or, as in the case of miR-18a, may play an accessory role to enhance oncogenic potential. As a strong oncogene, mir-17-92 can regulate multiple cellular processes to favor malignant transformation, causing decreased cell death, rapid cell proliferation, and increased angiogenesis (He et al. 2005; O'Donnell et al. 2005; Dews et al. 2006; Ventura et al. 2008) . However, it remains unclear how this polycistronic miRNA regulates coordinated biological processes to achieve malignant transformation. It is conceivable that individual mir-17-92 components function cooperatively to impact multiple cellular processes, although more complex mechanisms of coordination may also exist. A recent study indicates that miR-17 overexpression in mice decreases cell proliferation, adhesion, and migration, raising a possibility that components of mir-17-92 can both positively and negatively regulate the same cellular process to achieve homeostasis (Shan et al. 2009 ). It is possible that cell types and biological contexts may also determine the exact mechanisms of coordination among polycistronic miRNA components. We are just beginning to understand the functional complexity of polycistronic miRNAs, which have an enormous capacity for gene regulation and complex coordination among different components. The unique gene structure of these miRNA polycistrons can ultimately underlie the molecular basis for their pleiotropic functions in the oncogenic and tumor suppressor network.
Materials and methods
Molecular construction of mir-17-92 subclusters
The subclusters of mir-17-92 were amplified by PCR and subsequently cloned into the XhoI and EcoRI sites of the MSCV retrovirus vectors. In these vectors, miRNAs were placed downstream from the LTR promoter, which is followed by either a SV40-GFP cassette (for all in vivo experiments) or a PGK-Puro-Ires-GFP cassette (for all in vitro experiments) . To construct the MSCV-17-19b/Mut19 vector, a 12-nt mutation was introduced into the hairpin stem of pre-mir-19a and premir-19b using the QuickChangeXL mutagenesis kit (Strategene). For the MSCV-17-19b/Mut19 vector, the loss of miR-19 expression and the normal expression of the other mir-17-19b components were validated using the TaqMan miRNA assays (Applied Biosystems).
Adoptive transfer of Em-myc HSPCs for lymphomagenesis
Fetal liver-derived HSPCs were isolated from embryonic day 13.5-15.5 (E13.5-E15.5) Em-myc/+ embryos, and were transduced with MSCV alone or MSCV expressing various mir-17-92 subclusters. The MSCV retroviral vector used in our studies contains a SV40-GFP cassette that allows us to monitor transduced HSPCs both in vitro and in vivo. Infected HSPCs were subsequently transplanted into 8-to 9-wk-old, lethally irradiated C57BL/6 recipient mice. Tumor onset was subsequently monitored by weekly palpation, and tumor samples were either collected into formalin for histopathological studies, or prepared as single-cell suspension for FACS analysis.
Luciferase assays
Human PTEN 39UTR were amplified from the genomic DNA (forward primer, 59-CACCAAGATGGCACTTTCC CGTTT-39; reverse primer, 59-TGGCAAACATGTTCAA GAGGAGCT-39), which contains two miR-19-binding sites that are also conserved in mice. Mutagenesis of these two miR-19-binding sites was carried out using the QuickChangeXL mutagenesis kit (Strategene). The wildtype PTEN 39UTR, as well as the mutated PTEN 39UTR fragments, were each cloned downstream from a firefly luciferase reporter. These firefly luciferase constructs that contain either the wild-type or the mutated PTEN 39UTR were each transfected into the Dicer-deficient Hct116 cells (Cummins et al. 2006) , together with a Renilla luciferase construct for normalization control, and 50 nM miRNA mimics for mir-17, mir-18, miR-19b, miR-20a, and mir-1, respectively. These miRNA mimics were generated by annealing two complementary RNA oligos (IDT). Luciferase activity of each construct was determined by dual luciferase assay (Promega) 48 h posttransfection.
Cell culture
NIH-3T3 cells were cultured in DMEM with 10% bovine serum, and were kept 30%-40% confluent throughout the entire cell culture experiment. Primary B cells were prepared from mouse bone marrows, and were cultured in RPMI medium with 10% fetal bovine serum (FBS), 50 mM b-mercaptoethanol, and 2 ng/mL Il-7. NIH-3T3 cells and mouse primary B-cell cultures were infected by MSCV retroviruses expressing mir-17-92 subclusters, and were selected by puromycin for 2 d. Serum-starved NIH-3T3 cells were prepared by incubating the cells with DMEM without serum for 12 h before harvesting the cell lysate. MSCV-infected primary B cells were sorted based on GFP, and were then subjected to Western analyses or real-time PCR analyses as described below.
Real-time PCR analysis and Western analysis
TaqMan miRNA assays (Applied Biosystems) were used to measure the level of mature miRNAs. The mRNA level for Pten (forward primer, 59-CACAATTCCCAGTC AGAGGCGC-39; reverse primer, 59-GCTGGCAGACCA CAAACTGAGGA-39) was determined using real-time PCR analysis with SYBR (Applied Biosystems). Actin was used as a normalization control in all our RT-QPCR experiments (forward primer, 59-GATCTGGCACCACA CCTTCT-39; reverse primer, 59-GGGGTGTTGAAGGT CTCAAA-39). For Western analyses, Pten (Cell Signaling), Akt (Cell Signaling), phospho-Akt (Ser473; Cell Signaling), and phospho-S6 (Cell Signaling) antibodies were used at 1:1000, and tubulin antibody (Sigma) was used at 1:4000.
Histopathology
Tissue samples were fixed in formalin, embedded in paraffin, sectioned into 5-mm sections, and stained with haematoxylin and eosin (H&E). For Ki-67 (rabbit antiKi67; NovoCastra), caspase-3 (AF835; R&D Systems), and PCNA (MS-106P; Lab Vision Corp.) detection, representative sections were deparaffinized and rehydrated in graded alcohols before being subjected to antigen retrieval treatment in a vegetable steamer. Detection of antibody staining was carried out following standard procedures from the avidin-biotin immunoperoxidase methods. Diaminobenzidine (Invitrogen) was used as the chromogen and haematoxylin was used as the nuclear counterstain. Analysis of the apoptotic rate by TUNEL assay was performed according to a published protocol (Di Cristofano et al. 1998 ).
Flow cytometry
Lymphoma cells harvested from the animals were resuspended in 10% FBS/phosphate-buffered saline (PBS) to reach a concentration of 10 7 cells per milliliter. Twenty microliters of the cell suspension were stained with various antibodies diluted in 10% FBS/PBS for 1 h. Subsequently, cells were washed with 2% FBS/PBS and resuspended in 10% FBS/PBS for flow cytometry analysis. Antibodies used for our FACS analyses include PE anti-mouse IgM (eBioscience, 12-5790), APC-Cy7 B220 (BD Pharmingen, 552094), CD4 APC-Cy7 (BD Pharmingen, 552051), PE-CD8 (BD Pharmingen, 553032), PE-CD25 (BD Pharmingen, 553866), and APC-CD19 (Biolegend, 115511).
Apoptotic assays
Xenopus laevis eggs were collected and fertilized, and embryos were cultured by standard procedures. The miR19b mimics were produced from the annealing products of 59-UGUGCAAAUCCAUGCAAAACUGA-39 and 59-AGUUUUGCAGGUUUGCAUCCAUU-39 (IDT). Two complimentary RNA oligos were combined and diluted to a stock concentration of 1 mg/mL, heated for 1 min to 80°C, and then allowed to cool to room temperature to form duplexes. The same was done to generate the mutated miR-19 mimics, mut-19b, using 59-UCAGGU AAUCCAUGCAAAACUGA-39 and 59-AGUUUUGCAG GUUACCUUCGAUU-39. The Pten-mut construct was made by two consecutive QuickChange reactions of accession plasmid BC161129 with primers 59-ACAAATT TAGCTGCAGAGTAG-39 and 59-GGTCTTCAAACGG ATACTGAG-39, and 59-GCAGAGTGAGGGGAGCGG GT-39 and 59-CGGGGAAAGGTTGGCACCCG-39. Xenopus tropicalis pten and pten-mut RNAs were made using the mMessage SP6 kit (Ambion) on Not1-cut plasmid. Embryos were injected into both cells at the two-cell stage with 2 ng of each RNA. Hydroxyurea (Sigma) was diluted to a final concentration of 15 mM and embryos were treated from 2 h post-fertilization until stage 10.5. All embryos undergoing apoptosis of any cells were scored as positive.
